The effect of tributyltin chloride on Caenorhabditis elegans germline is mediated by a conserved DNA damage checkpoint pathway  by Cheng, Zhe et al.
T
m
Z
a
b
h
•
•
•
•
•
a
A
R
R
A
A
K
T
G
D
C
A
C
0
hToxicology Letters 225 (2014) 413–421
Contents lists available at ScienceDirect
Toxicology  Letters
j our na l ho me  page: www.elsev ier .com/ locate / tox le t
he  effect  of  tributyltin  chloride  on  Caenorhabditis  elegans  germline  is
ediated  by  a  conserved  DNA  damage  checkpoint  pathway
he  Chenga,1, Huimin  Tianb,1, Hongran  Chua, Jianjian  Wua, Yingying  Lia, Yanhai  Wanga,∗
State Key Laboratory of Cellular Stress Biology, School of Life Sciences, Xiamen University, Xiamen, Fujian, China
Medical College, Xiamen University, Xiamen, Fujian, China
 i g  h  l  i  g  h  t  s
We  used  Caenorhabditis  elegans  to
investigate  how  TBTCL  exhibits  its
effect on  animal  germline.
TBTCL  exposure  resulted  in increased
sterility and embryonic  lethality.
TBTCL  exposure  induced  increased
DSBs and  checkpoint  activation  in
germline.
Germ  cell  apoptosis  and  proliferation
arrest were induced  by  TBTCL  expo-
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Checkpoint  and  p53  signaling
pathways  were  found  essential  in
response to  TBTCL.
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a  b  s  t r  a  c  t
Tributyltin  (TBT),  one  of  the  environmental  pollutants,  has  been  shown  to  impact  the  reproduction  of  ani-
mals.  However,  due  to the  lack  of appropriate  animal  model,  analysis  of  the  affected  molecular  pathways
in  germ  cells is  lagging  and has  been  particularly  challenging.  In  the present  study,  we investigated  the
effects  of  tributyltin  chloride  (TBTCL)  on the  nematode  Caenorhabditis  elegans  germline.  We show  that
exposure  of C. elegans  to TBTCL  causes  signiﬁcantly  elevated  level  of  sterility  and  embryonic  lethality.
TBTCL  exposure  results  in an  increased  number  of meiotic  DNA  double-strand  breaks  in  germ  cells,  sub-
sequently  leading  to  activated  DNA damage  checkpoint.  Exposing  C.  elegans  to  TBTCL  causes  dose-  and
time-dependent  germline  apoptosis.  This apoptotic  response  was  blocked  in  loss-of-function  mutants  of
hus-1  (op241),  mrt-2  (e2663)  and  p53/cep-1  (gk138),  indicating  that  checkpoints  and  p53  are  essential  forheckpoint pathway
poptosis
ell cycle arrest
mediating  TBTCL-induced  germ  cell  apoptosis.  Moreover,  TBTCL  exposure  can  inhibit  germ  cell  prolifera-
tion, which  is  also mediated  by  the  conserved  checkpoint  pathway.  We  thereby  propose  that  TBT  exhibits
its  effects  on  the  germline  by  inducing  DNA  damage  and  impaired  maintenance  of genomic  integrity.
Index Descriptors  and  Abbreviations:  TBTCL,  tributyltin  chloride;  C.  elegans,  Caenorhabditis  elegans;
′NGM,  nematode  growth  med
DSBs,  DNA  double-strand  brea
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for gene knockout using the ced-1:gfp(MD701) strain as the back-14 Z. Cheng et al. / Toxicolog
. Introduction
Tributyltin (TBT) is a widespread environmental toxicant
ommonly used in anti-fouling agents for boats, as well as a by-
roduct from several industrial processes (Antizar-Ladislao, 2008).
lthough the use and production of TBT have been strictly reg-
lated since the 1980s, it continues to be detected in water,
ediment, and aquatic organisms (Champ, 2000; Environmental
rotection Agency, 2003; Rüdel et al., 2007; Choi et al., 2009).
onsumption of contaminated drinking water, beverages, and, in
articular, marine food has been considered as the important
oute of human exposure to TBT. As a well-known endocrine
isruptor, TBT can cause “imposex” (development of male char-
cteristics in females) in gastropods and impairments in growth,
evelopment, survival and reproduction of many aquatic organ-
sms (Haggera et al., 2005; Hano et al., 2007; Leung et al., 2007;
au et al., 2007). In mammals, TBT induces immunosuppressive,
etabolic, developmental or reproductive effects (Ogata et al.,
001; Antizar-Ladislao, 2008; Nakanishi, 2008). Rodent models
f TBT exposure have revealed multiple levels of reproductive
mpairments, including reduction in fertility, increased fetal lethal-
ty and decreased number of gonocytes and germ cells (Ogata
t al., 2001; Kishta et al., 2007; Chen et al., 2008). Although
BT has been suggested to impact the mammalian reproduc-
ive process, we still lag in our understanding of the affected
enes and pathways, as well as its mechanism of action in the
ermline.
To investigate how TBT exerts its effect on the reproduc-
ive system, we explored the use of the genetically tractable
ematode Caenorhabditis elegans. Owing to its easy maintenance,
ellular simplicity, genetic manipulability and evolutionarily con-
erved biology, C. elegans has been proved to be an excellent
odel organism for studying many biological processes, as
ell as for both fundamental toxicity assessments and fur-
her mechanistic studies in the ﬁelds of environmental and
iomedical toxicology (Ankeny, 2001; Leung et al., 2008). C.
legans has a short reproduction cycle and large numbers of
ermline nuclei which are displayed throughout the gonad in
 deﬁned order, correlating with the sequential stages of meio-
is (Colaiácovo, 2006). Therefore, C.elegans has been used as a
owerful model of remarkable relevance to mammals for meio-
is studies, including the investigations into environmental effects
n the germline function (Allard and Colaiácovo, 2010; Allard et al.,
013).
Tominaga et al. (2002) reported the effects of TBT on C.elegans
or the ﬁrst time. They found that TBT exposure decreased the
umbers of worms in the ﬁrst and second generations. A TBT-
nduced reduction of total number of germ cells was  reported
y Hoshi et al. (2003). Wang et al. (2012) indicated that TBT
an induce oxidative stress-response protein expression and acti-
ate a checkpoint protein HUS-1 in pachytene. Though these
tudies imply that TBT impacts the reproduction of C.elegans,
ow TBT exerts its effect on the germ cells and which signal-
ng pathways and genes are involved have not been elucidated.
n this study, we  show that C.elegans oogenesis was  signiﬁcantly
mpaired by tributyltin chloride (TBTCL) exposure, leading to
n increase of sterility and embryonic lethality. TBTCL exposure
esults in increased meiotic DNA double-strand breaks (DSBs)
nd activation of DNA damage checkpoint in germline. TBTCL
nduces germ cell apoptosis and proliferation arrest, which is
ediated by a conserved checkpoint- and p53-dependent sig-
aling pathway. Taken together, we propose that TBT exhibits
ts effects on the germline by inducing DNA damage and thus
eading to failed maintenance of genomic integrity during ooge-
esis.ers 225 (2014) 413–421
2. Material and methods
2.1. Worms and reagents
Strains used in this study were wild type N2 Bristol, ced-3
(n717), ced-4 (n1162), cep-1(gk138), hus-1(op241), mrt-2(e2663),
clk-2(mn159) and ced-1::gfp (MD701), which were originally
obtained from the Caenorhabditis Genetics Center (funded by
the NIH National Center for Research Resource, USA). Hus-1::gfp
(opIs34) is a gift from Dr. Yun Wang. All strains were maintained on
nematode growth medium (NGM) plates seeded with Escherichia
coli OP50 at 20 ◦C as described (Brenner, 1974). Gravid nematodes
were lysed in an alkaline hypochlorite solution for the synchronized
cultures (Sulston and Hodgkin, 1988). Tributyltin chloride (TBTCL)
was purchased from Sigma (purity ≥96%) and dissolved in dimethyl
sulfoxide (DMSO, Sigma, purity ≥99.7%) prior to the exposure.
2.2. Reproduction and embryonic lethality assay
Tests were conducted in 24-well cell culture plates as described
previously (Williams and Dusenberg, 1990). Brieﬂy, TBTCL was
diluted to concentrations of 0.003–1.5 M in K-medium (52 mM
NaCl and 32 mM KCl) containing OP50 as a food source. Synchro-
nized middle-L4 hermaphrodites were picked and transferred into
a well containing 1 ml  test solution of TBTCL or solvent control
(DMSO, <0.1%) and incubated at 20 ◦C in dark. Worms  were trans-
ferred daily to new wells containing the same ingredients. The eggs
remaining on the old wells were counted daily within 4 days of
exposure. The embryonic lethality was  calculated by dividing the
number of dead (un-hatched) eggs by the total number of eggs. 15
worms were used in every treatment and control group for each
experiment.
2.3. Germ cell apoptosis assay
Synchronized middle-L4 worms were exposed to TBTCL in 24-
well cell culture plates. TBTCL were diluted to concentrations of
0.003–1.5 M in K-medium containing OP50 as a food source.
Corpses were counted under Nomarski optics as described by
Gartner et al. (2000). Alternatively, we used a transgenic strain
ced-1:gfp(MD701) which carries ﬂuorescent reporter to allow visu-
alization of the apoptotic corpses (Zhou et al., 2001) in the test.
Stage-matched ced-1:gfp animals were exposed to TBTCL and
observed under a ﬂuorescence microscope to detect transgenic
green ﬂuorescent protein (GFP) expression.
2.4. Mitotic germ cell proliferation arrest assay
TBTCL exposure for germ cell proliferation assay was conducted
as described in apoptosis analysis. Mitotic germ cell prolifera-
tion arrest was  assessed as described by Gartner et al. (2000) and
Stergiou et al. (2007). Fifteen worms were picked out from test
wells at indicated time points and stained with 4′,6-diamidino-2-
phenylindole (DAPI, Sigma). The mitotic nuclei presented at the
distal end of the germ line were counted by a blinded observer
under a Nikon 80i ﬂuorescence microscope.
2.5. RNAi studies
To facilitate visualization of germ cell apoptosis in animals with
loss of gene function, we took advantage of RNA interference (RNAi)ground. RNAi by feeding was performed as previously described
(Kamath et al., 2003; Salinas et al., 2006). TBTCL exposures were
performed as described in Section 2.3. Brieﬂy, synchronized L1
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Fig. 1. TBTCL exposure results in sterility and increased embryonic lethality in C.
elegans.  (A) Mean number of eggs laid by worms exposed to either solvent control
(DMSO, <0.1%) or 0.003–1.5 M of TBTCL. Error bars represent SEM. The total number
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Fig. 2. TBTCL exposure results in increased DSBs in C. elegans germline. (A) Late
pachytene nuclei from TBTCL-exposed germlines show elevated levels of RAD-51
(green) foci compared with DMSO control. Scale bar = 2 m.  (B) Gonads were divided
into 7 zones along the germline axis (sketch map, top). Quantiﬁcation of RAD-51 foci
was performed in whole-mounted gonads of worms exposed to DMSO (middle) andf  eggs laid by 15 single hermaphrodites were scored for each condition (n = 15);
P < 0.01 and **P < 0.001. (B) Embryonic lethality observed among the progeny of
ermaphrodites exposed to either solvent or the indicated doses of TBTCL. n = 15;
P < 0.001 and **P < 0.0001.
ed-1:gfp animals were allowed to grow on NGM plates seeded
ith Escherichia coli HT115 bacteria containing the respective RNAi
lone or the empty RNAi vector L4440 (control). Then middle-L4
orms were exposed to 0.3 M TBTCL in 24-well cell culture plates
ontaining the RNAi bacteria. After 24 h of exposure, worms were
cored for germ line apoptosis under a ﬂuorescence microscope. RT-
CR was used to conﬁrm the RNAi animals as described by Salinas
t al. (2006).
.6. HUS-1 foci analysis and RAD-51 immunoﬂuorescence
For HUS-1 foci assay, synchronized middle-L4 hus-1::gfp
opIs34) worms were treated with TBTCL for 24 h. Gonads were
hen dissected and the HUS-1::GFP foci formation was  immediately
uantiﬁed by counting the number of bright foci present in mid-
le/late pachytene germ cells and oocytes according to Hofmann
t al. (2002). HUS-1 foci were imaged with a Nikon 80i ﬂuorescence
icroscope.
RAD-51 immunostaining was performed as described before
Johnson et al., 2013) with some modiﬁcations. Brieﬂy, germlines
ere dissected and ﬁxed in 2% paraformaldehyde for 5 min  at room
emperature, and frozen in liquid nitrogen for 10 min, then placed
n 95% ethanol at −20 ◦C for 2 min, washed three times for 10 min  in
BS with 1% Triton X-100 and blocked in PBST (PBS with 0.1% Tween
0) and 1% BSA for 30 min  at room temperature. Samples were incu-
ated overnight at 4 ◦C with rabbit anti-RAD-51 antibodies (Novus
iologicals) diluted 1:1000 in PBST 1% BSA and detected with
lexa488 goat anti-rabbit antibodies (Invitrogen) diluted 1:1000.
NA was counterstained with 1 g/ml DAPI for 10 min  at room
emperature. The number of foci per nucleus was counted for
ach of the seven zones of the germline as described (Allard and
olaiácovo, 2010). More than 100 nuclei from six germlines were
uantiﬁed per condition..7. Data analysis
All statistical analyses were performed using one-way ANOVA
ollowed by Dunnett t-test or two-tailed Student’s t-test.TBTCL (bottom). The number of RAD-51 foci per nucleus is categorized by the color
code shown on the right. The percentage of nuclei observed for each category (y
axis) is depicted for each zone (x axis). At least 100 nuclei were scored per zone.
3. Results
3.1. TBTCL exposure results in increased sterility and embryonic
lethality in C. elegans
Exposure to TBT has been associated with a variety of reproduc-
tive impairments in several animal species (Shimasaki et al., 2006;
Kishta et al., 2007; Leung et al., 2007; Nakanishi, 2008). Our  pre-
vious study disclosed that TBTCL exposure signiﬁcantly inhibited
C.elegans larval development (Fig. S1). In the present study, we
focused on the effects of TBTCL on the worm reproduction. We
show that TBTCL not only decreased the number of eggs but also
416 Z. Cheng et al. / Toxicology Letters 225 (2014) 413–421
Fig. 3. DNA damage checkpoint is activated following TBTCL exposure in C. elegans germline. (A) Visualization of HUS-1::GFP in pachytene nuclei (left) and a single oocyte
nucleus in diakinesis (right). Note that relocalized HUS-1::GFP is seen as bright foci (arrow), whereas it is diffusely distributed in controls. Worms were exposed to either DMSO
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ncreased embryonic lethality in C.elegans. Upon the exposure of
BTCL with concentrations of ≥0.03 M (all of the worms  survived
hroughout the experiments), the mean number of eggs laid by
he worms decreased signiﬁcantly as compared with the control
P < 0.01) (Fig. 1A). The reduced number of eggs likely stemmed
rom an impaired fecundity rather than a defect in egg-laying
ehavior, since a decreased number of eggs was observed inside the
terus of the worms exposed to TBTCL throughout the assay (data
ot shown). A dramatic dose-dependent increase in embryonic
ethality was also observed in worms exposed to TBTCL compared
ith the control (P < 0.01) (Fig. 1B). Taken together, these pheno-
ypes indicate that TBT impairs C. elegans reproduction and are
uggestive of errors in germ cell meiosis.
Prior to the main experiments, solvent control experiments
ere also conducted to compare the effect of the non-solvent con-
rol group and the solvent control group, which showed that DMSO
<0.1%) did not provoke any signiﬁcant effect in all the tests (data
ot shown). The controls presented in the context of this paper
ere solvent controls.
.2. TBTCL exposure results in increased DSBs and DNA damage
heckpoint activation in C. elegans germline
Exposure to environmental toxicants may  introduce double-
tranded DNA breaks (DSBs), the most toxic forms of DNA damage.
onsidering that the increased sterility and embryonic lethality
aused by TBTCL exposure may  be due in part to unrepaired
NA damage during meiosis, we examined the staining pat-
ern of the RAD-51 recombinase in the germlines of TBTCL-
nd solvent-exposed worms. RAD-51 is a vital protein involved
n strand invasion/exchange during double-stranded DNA break
epair (DSBR), serving as a direct indicator of DSBs (Rinaldo et al.,
002). Under normal conditions, RAD-51 foci are rare during
itosis and then increase during early/middle pachytene and dra-
atically decrease by late pachytene as meiotic DSBR progresses
Alpi et al., 2003). In contrast, TBTCL-exposed germlines displayedar represents 2 m. (B and C) Quantiﬁcation of HUS-1 foci in middle-late pachytene
 = 65 for oocytes from ten worms in each treatment were scored respectively. Error
a remarkably elevated number of RAD-51 foci in late pachytene,
indicating that TBTCL exposure introduces an extensive accumu-
lation of unrepaired DSBs during meiosis (Fig. 2A). Irreparable
DSBs in meiosis causes persistent recombination intermediates,
leading to improper assembled synaptonemal complex and incom-
plete crossover recombination (Lemmens and Tijsterman, 2011).
A relatively moderate increase of RAD-51 foci was also observed
in mitotic (also called premeiotic) germline nuclei (zone 1 and
2, Fig. 2B), implying that TBTCL-induced DNA damage occurs in
either meiotic or premeiotic germ cells. These may then lead to the
increase of sterility and embryonic lethality in C. elegans.
Given that TBTCL-induced DSBs may  produce persistent recom-
bination intermediates and then activate meiotic DNA  damage
checkpoint, we further investigated the levels of HUS-1 foci in the
germlines of TBTCL-exposed worms. In C. elegans, HUS-1 is a check-
point component of the PCNA-like 9-1-1 complex, which initiates
the sense of DNA damage and transduces the signal to downstream
effectors (Hofmann et al., 2002). HUS-1::GFP is usually diffuse in the
C. elegans germ cells, however, it concentrates at distinct nuclear
foci following DNA damage. After exposure to TBTCL, signiﬁcantly
increased numbers of HUS-1 foci were observed in both pachytene
and diakinesis (Fig. 3), which is congruent with the RAD-51 assay
and reveals an activated DNA damage checkpoint in various stages
of oogenesis. Taken together, these results indicate that TBT expo-
sure results in increased DSBs, impaired genomic integrity and
activation of DNA damage checkpoint in germline.
3.3. Exposure to TBTCL causes germ cell apoptosis in C. elegans,
which is mediated by a conserved DNA damage checkpoint
pathway
One possible consequence of activated checkpoints following
DNA damage in C. elegans gonads is germ cell apoptosis, which is
required for the genomic stability during meiosis (Gartner et al.,
2000). To determine whether TBT exposure causes germ cell apo-
ptosis, wild type N2 animals were exposed to TBTCL. After 24 h
Z. Cheng et al. / Toxicology Letters 225 (2014) 413–421 417
Fig. 4. TBTCL exposure causes germ cell apoptosis in C. elegans. (A) Quantitation of germ cell apoptosis in wild type N2 worms following exposure to indicated concentrations
of  TBTCL for 24 h. (B) Quantitation of germ cell apoptosis in wild type N2 at indicated times after exposure to 0.3 M TBTCL. (C-D) Representative pictures of germ cell
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rrows indicate apoptotic germ cells. The scale bar represents 20 m. *P < 0.001. E
nduced by TBTCL exposure. Corpses were scored in N2 and mutants exposed to eit
f exposure, signiﬁcantly increased numbers of germ cell corpses
ere observed in the groups treated with 0.03–1.5 M of TBTCL
P < 0.01) (Fig. 4A). A time-dependent increase of germ cell apopto-
is was also detected when worms were exposed to 0.3 M TBTCL
or 6 h to 36 h (Fig. 4B; representative pictures are shown in Fig. 4C
nd D). Alternatively, we also took advantage of a transgenic strain
ed-1:gfp(MD701) for the apoptosis assay. This strain carries a GFP
eporter that expresses around the apoptotic cells and thus has
een adopted by many researchers to study the germ cell apoptosis M TBTCL (D) for 24 h. Germ cell corpses were identiﬁed under Nomarski optics.
ars represent SEM. (E) Loss function of ced-3 and ced-4 blocks germ cell apoptosis
SO or 0.3 M TBTCL for 24 h.
of C. elegans (Zhou et al., 2001; Schumacher et al., 2005; Salinas et al.,
2006). When exposed to TBTCL, ced-1:gfp animals displayed the
same phenotype as the N2 animals did, validating the results that
TBTCL exposure induces germ cell apoptosis in wild type animals
(Fig. S2). In C. elegans, apoptosis is regulated by evolutionarily con-
served core apoptotic machinery, the caspase CED-3 and the Apaf-1
homologue CED-4 (Gumienny et al., 1999). Under TBTCL exposure,
germ cell apoptosis was completely abolished in loss-of-function
alleles of ced-3(n717) and ced-4(n1162) (Fig. 4E). The phenotypes
4 y Letters 225 (2014) 413–421
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Fig. 5. TBTCL-induced apoptosis is mediated by p53/cep-1 and checkpoint genes.
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ere also conﬁrmed by using RNAi in ced-1:gfp(MD701) animals
Fig. S2). Taken together, these results indicated that TBT expo-
ure induces meiotic germ cell apoptosis which possibly stems from
nrepaired DNA damage caused by TBT.
Since TBTCL exposure induces unrepaired DSBs and activates
NA damage checkpoint during meiosis, we then focused on
he genes involved in a conserved checkpoint pathway which
ediates DNA damage-induced germ cell apoptosis (Gartner et al.,
000; Stergiou et al., 2007). CEP-1 is the only homologue of
ammalian p53 in C. elegans, playing a key role in regulation of
NA damage-induced apoptosis (Schumacher et al., 2001; Derry
t al., 2001). We found that TBTCL-induced apoptosis was  almost
ompletely abrogated in mutated allele cep-1(gk138) animals, indi-
ating that p53/cep-1 was indispensable for TBT-induced apoptosis
Fig. 5). MRT-2, a protein required for telomere replication and
epair, interacts with HUS-1 to form the 9-1-1 complex in C. ele-
ans, sensing DNA damage and mediating germ cell apoptosis
nder genotoxic stress (Ahmed and Hodgkin, 2000; Gartner et al.,
000; Stergiou et al., 2007). When function of these two genes
as blocked, TBTCL-induced apoptosis was almost abolished. These
esults were also conﬁrmed by using RNAi in ced-1:gfp(MD701) ani-
als (data not shown). CLK-2 is a DNA damage checkpoint protein,
cting in parallel with the 9-1-1 complex in C. elegans to medi-
te UV- and IR-induced germ cell apoptosis (Ahmed et al., 2001;
tergiou et al., 2007). TBTCL-induced germ cell apoptosis in clk-2
mn159) loss-of-function mutant was repressed but not abrogated
Fig. 5), suggesting this gene may  play a partial role in regulation of
BTCL-induced germ cell apoptosis. These results indicate that the
ig. 6. TBTCL exposure causes mitotic cell proliferation arrest in C. elegans germline. (A) Qu
f  TBTCL for 24 h. (B) Quantitation of mitotic nuclei in worms at indicated times after expo
ictures  of mitotic nuclei of one gonad from worm treated with DMSO control (C) or 0.3 
rrow.  The scale bar represents 10 m.Wild type N2 and loss-of-function mutants were treated with DMSO (control) or
0.3  M TBTCL for 24 h. n = 20 for each condition. Germ cell corpses were identiﬁed
under Nomarski optics. *P < 0.001. Error bars represent SEM.
TBT-induced germ cell apoptosis is regulated by p53 and conserved
checkpoint genes.
3.4. TBTCL-induced germ cell proliferation arrest requires
p53/cep-1 and conserved checkpoint genesUnder genotoxic stress caused by UV or gamma radiation, the
total number of C. elegans germ cell nuclei decreases, as mitotic cells
stop proliferation and meiotic cells undergo apoptosis (Gartner
et al., 2000; Stergiou et al., 2007). In the present study, TBTCL
antitation of mitotic nuclei in worms following exposure to indicated concentrations
sure to 0.3 M TBTCL. *P < 0.01. Error bars represent SEM. (C and D) Representative
M TBTCL (D). Germline were stained with DAPI and nuclei were indicated by the
Z. Cheng et al. / Toxicology Lett
Fig. 7. Roles of p53/cep-1 and conserved checkpoint genes in TBTCL-induced mitotic
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ith DMSO (control) or 0.3 M TBTCL for 24 h. Germline were stained with DAPI
nd  the nuclei in mitotic zone were counted. *P < 0.01. Error bars represent SEM.
esults in DNA damage and apoptosis, as well as smaller gonads
nd decreased total number of germ cells (Fig. 2, Fig. 4 and Fig. S3).
e therefore presume that TBTCL may  also impair mitotic cell pro-
iferation in C. elegans gremline. In the gonad of hermaphrodites,
itotic nuclei locate at the distal end of the gonad and can be eas-
ly distinguished from the crescent-shaped transition nuclei after
API staining. As shown in Fig. 6A, the number of mitotic nuclei
er gonad arm signiﬁcantly decreased in a dose-dependent man-
er after 24 h of TBTCL exposure. Representative pictures of mitotic
uclei are shown in Fig. 6C (DMSO control) and Fig. 6D (24 h after
.3 M TBTCL treatment). Time exposure studies revealed that
erm cell cycle arrest could be detected as early as 6 h after 0.3 M
BTCL treatment (Fig. 6B). Along with the exposure time extended,
ontrol worms displayed a steady increase in number of mitotic
uclei whereas the TBTCL-treated worms did not. These results
ndicated that TBT induces germ cell proliferation arrest in C. ele-
ans, which likely leads to the decreased total number of germ cells
nd impaired fecundity.
In C. elegans germline, p53/cep-1 and conserved checkpoint
enes are shown to mediate both apoptosis and cell cycle arrest
n response to genotoxic stress (Gartner et al., 2000; Derry et al.,
001; Schumacher et al., 2001; Stergiou et al., 2007). We  therefore
nalyzed the cell cycle arrest of either solvent or TBTCL-treated
nimals with loss of genes described in the apoptosis assay. After
4 h of exposure to 0.3 M TBTCL, we found that loss of p53/cep-
function signiﬁcantly repressed TBTCL-induced cell cycle arrest
ompared with the wild type animals (Fig. 7). The number of mitotic
uclei in cep-1 (gk138)  per gonad arm was decreased by only 5%
ompared with that in the solvent-treated worms, whereas the
umber of wild type N2 was decreased by 34%. TBTCL-induced cell
ycle arrest was also almost abolished in loss-of-function alleles of
us-1(op241) and mrt-2(e2663).  The number of mitotic nuclei in clk-
(mn159) mutant was reduced upon TBT exposure (P < 0.01), how-
ver, the reduction was repressed in some degree (decreased by
5% in clk-2(mn159) compared with 34% in N2), suggesting that this
heckpoint gene may  just play a partial role in regulation of TBT-
nduced cell cycle arrest. Since loss of checkpoint genes results in
ncreased germ cell genomic instability and reduced survival rate of
. elegans embryo following DNA damage (Gartner et al., 2000), we
urther measured the embryonic lethality in checkpoint mutants
nd wild type worms when exposed to TBTCL. We  found that
mbryos laid from checkpoint mutants exhibited increased embry-
nic lethality as compared with those from wild-type animals
Table S1), presumably as a consequence of unrepaired DNA dam-
ge mainly produced during meiosis. These results strongly suggest
hat the conserved checkpoint pathway is involved in the regula-
ion of TBT-induced DNA damage response in C. elegans germline.ers 225 (2014) 413–421 419
4. Discussion
Tributyltin, a highly widespread toxicant, has been suggested to
impact the mammalian reproductive system. However, the mecha-
nisms of its effects on germ cells are still not fully elucidated, mainly
due to the lack of a cost-effective and tractable in vivo model for
the study of environmental disruption of reproduction in multi-
cellular organisms. Here, we  investigated the effects of TBTCL on
the germline of C. elegans, which has been suggested as a powerful
model for assessment of chemical disruption of germline func-
tion (Allard and Colaiácovo, 2010; Allard et al., 2013). We found
that TBTCL not only reduces the fertility but also increases embry-
onic lethality in C. elegans (Fig. 1), thus leading to a reduction of
total number of worms which was associated with TBT exposure
in a previous study (Tominaga et al., 2002). These results indi-
cate that TBTCL exerts its toxic effects on the germline and can
causes abnormalities in meiosis. In the present study, signiﬁcant
changes in fertility and embryonic lethality occur when worms
were exposed to 0.03 and 0.3 M TBTCL, respectively. These levels
were within the range of butyltin levels detected in human blood
(Whalen et al., 1999). More severe impacts were observed in higher
exposure concentration (1.5 M)  comparable to those detected in
in vitro experiments carried out with mammalian cells (Stridh et al.,
1999a; Grondin et al., 2007; Zhu et al., 2007). Furthermore, it is
likely that our results represent the reproductive outcome follow-
ing elevated TBTCL exposure and bear relevance to those studies
in rodents’ reproduction (Ogata et al., 2001; Kishta et al., 2007;
Chen et al., 2008). Therefore, we  propose that C. elegans is a relevant
animal model to examine the effect of TBT on germline.
In this study, we  uncover the mechanism that TBT induces DNA
damage, increases irreparable DSBs during meiosis and thus may
cause errors in synapsis and crossover recombination, leading to
sterility and embryonic lethality in C. elegans. TBT interacts with
mitochondria directly or indirectly by disturbance of [Ca2+], caus-
ing elevation of reactive oxygen species (ROS) and oxidative stress
(Stridh et al., 1999b; Gennari et al., 2000; Nakatsu et al., 2007) which
are suggested to in turn induce DNA damage (Liu et al., 2006).
Wang et al. (2012) found that TBT induced expression of oxida-
tive stress-response proteins, e.g. superoxide dismutase (SOD),
glutathioneS-transferase (GST) and heat shock proteins (HSPs) in C.
elegans and activated the checkpoint protein HUS-1 in pachytene,
suggesting that TBT can causes oxidative damage and DNA damage
in the worm.  Here, we  offer a direct proof of double-strand DNA
damage that the elevated number of RAD-51 foci observed in late
pachytene in TBTCL-exposed worms (Fig. 2). Moreover, the eleva-
tion of unrepaired DSBs is likely more severe whereas non-speciﬁc
in pachytene, since a relatively moderate increase of RAD-51 foci
was also observed in mitotic germline nuclei (zone 1 and 2, Fig. 2B).
These results suggest that TBTCL induces irreparable DNA dam-
age in not only the meiotic but also the premeiotic C. elegans germ
cells. Zuo et al. (2012) have shown that TBT exposure alters the
transcription levels of genes involved in the nucleotide excision
repair (NER), an important DNA repair mechanism for single-strand
damage repair, in ﬁsh liver cells. Since RAD-51 recruitment takes
place at DSB sites for assisting the double-strand breaks repair,
we propose that TBT may impair both double-strand break repair
and single-strand damage repair machineries in animals. We  also
found that the HUS-1:GFP foci were signiﬁcantly increased in both
pachytene and diakinesis (Fig. 3). This result is congruent with the
RAD-51 assay, indicating an activated DNA damage checkpoint in
various stages of oogenesis in TBTCL-exposed worms.
As DNA damage in C. elegans germline can trigger germ cell
apoptosis during pachytene, we then analyzed the effects of TBT
exposure on apoptosis in both wild type N2 and CED-1:GFP animals.
As expected, increased levels of germ cell death were observed in
TBTCL-exposed worms of both strains (Fig. 4A–D, Fig. S2). The cell
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Fig. 8. TBTCL-induced germ cell apoptosis and proliferation arrest in C.eleganes is
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Korea during 2001–2005. Environ. Monit. Assess. 151, 301–310.ediated by a conserved DNA damage checkpoint signaling pathway. Genes iden-
iﬁed in this study are marked in red color.
eath induced by TBTCL exposure requires the caspase 3/Apaf-1
CED3/4) core apoptotic machinery (Fig. 4E, Fig. S2). TBT-induced
poptosis has been extensively documented in both in vivo and
n vitro experiments. Apoptosis caused by TBT exposure has been
uggested to result in reproductive organ dysfunctions in either
ale or female rodents (Kim et al., 2008; Lee et al., 2012). In addi-
ion, it is probable that the decreased number of gonocytes and
erm cells observed in TBT-treated rodents (Chen et al., 2008; Kim
t al., 2008) is a result from apoptosis to maintain the genomic
ntegrity of germ cells. In C. elegans, germ cell apoptosis in response
o DNA damage is regulated by a checkpoint- and p53-dependent
onserved signaling pathway (Gartner et al., 2000). Interestingly,
he role of p53 in TBT-induced stress response seems ambiguous.
n vitro experiments performed by Zhu et al. (2007) and Aluoch et al.
2007) have found no signiﬁcant change in p53 expression upon
BT exposure. A recent microarray analysis, however, has shown
hat the expression of p53 in tributyltin oxide (TBTO)-treated
uman T lymphocytes is more than 1.5-fold upregulated (Katika
t al., 2011). In this study, our data indicate that loss of p53/cep-1
nd checkpoint genes hus-1 and mrt-2 signiﬁcantly reduced apo-
tosis caused by TBTCL in C. elegans germline (Fig. 5), suggesting
hat the DNA damage checkpoint- and p53-dependent signaling
athway is required for regulation of TBT-induced apoptosis, at
east in the meiotic germ cells in an intact animal.
The germline of C. elegans undergo cell cycle arrest upon expo-
ure to diverse genotoxic stress agents (Gartner et al., 2000;
tergiou et al., 2007; Wang et al., 2007, 2008). TBT has been reported
o exhibit an inhibition of cell proliferation in several organisms
nd various cell types (Girard et al., 1997; Nakata et al., 2002;
hen et al., 2008; Yamada et al., 2013). Our data reveal smaller
onads and lower total numbers of germ cells in TBTCL-exposed
orms (Fig .S3), which is due in part to germ cell proliferation
rrest. Indeed, we observed that the cell cycle of germ cells is
nhibited by TBTCL in a dose- and time-dependent way (Fig. 6).
oreover, the p53/cep-1(gk138) loss-of-function allele and check-
oint mutant hus-1 (op241) and mrt-2 (e2663) were defective in
rresting germ cell proliferation in response to TBTCL exposure
Fig. 7). These results support a connection between the apoptosis
n meiosis and premeiotic cell cycle arrest upon TBTCL exposure.
urthermore, the embryos of checkpoint mutants were more sen-
itive to TBTCL exposure than those of wild type animals (Table S1),
resumably as a consequence of unrepaired DNA damage mainly
roduced during meiosis. Taken together, we propose that TBTCL
xhibits genotoxic effects on germline of C. eleganes, causing germers 225 (2014) 413–421
cell apoptosis and proliferation arrest, which is regulated by a DNA
damage checkpoint- and p53-dependent signaling pathway (Fig. 8).
The endocrine disrupting effects caused by TBT have been doc-
umented extensively in various organisms and tissues, including
mammalian reproductive system. Increasing evidence have shown
that the role of DNA repair and DNA damage response is also asso-
ciated with the modulation of hormone signaling pathways (Flint
et al., 2007; Pedram et al., 2009; Kitagishi et al., 2013). In this study,
we concentrated our attentions on the downstream signaling path-
ways that mediate the TBT-induced DNA damage response in germ
cells, and thus can not formally exclude the possibility of a hor-
mone receptor-mediated effect of TBT on DNA repair unless the
genes and pathways in their connections are identiﬁed. This might
bring new challenges to accurately evaluate the impacts of TBT on
reproduction of animals in further studies.
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